Ex situ microelectrode experiments, using cyanobacterial biofilms from karst water creeks, were conducted under various pH, temperature, and constant-alkalinity conditions to investigate the effects of changing environmental parameters on cyanobacterial photosynthesis-induced calcification. Microenvironmental chemical conditions around calcifying sites were controlled by metabolic activity over a wide range of photosynthesis and respiration rates, with little influence from overlying water conditions. Regardless of overlying water pH levels (from 7.8 to 8.9), pH at the biofilm surface was approximately 9.4 in the light and 7.8 in the dark. The same trend was observed at various temperatures (4°C and 17°C). Biological processes control the calcium carbonate saturation state (⍀) in these and similar systems and are able to maintain ⍀ at approximately constant levels over relatively wide environmental fluctuations. Temperature did, however, have an effect on calcification rate. Calcium flux in this system is limited by its diffusion coefficient, resulting in a higher calcium flux (calcification and dissolution) at higher temperatures, despite the constant, biologically mediated pH. The ability of biological systems to mitigate the effects of environmental perturbation is an important factor that must be considered when attempting to predict the effects of increased atmospheric partial CO 2 pressure on processes such as calcification and in interpreting microfossils in the fossil record.
Calcifying biofilms have contributed significantly to the formation of carbonate sediments throughout earth history (8, 24, 27) . These sediments are known as microbialites and, if macroscopically laminated, stromatolites. Their temporal and geographic distributions have been used to infer the impacts of metazoan evolution (4, 33) and changes in ocean chemistry (2, 13, 26) . Many stromatolites are formed in the photic zone of shallow-water environments by thin cyanobacterial biofilms, rather than by thick microbial mats, which tend to produce more irregular fabrics.
The principal mechanisms involved in stromatolite formation are (i) heterogeneous crystal nucleation at acidic extracellular polymeric substances (1, 19, 22, 32) and (ii) increases in the Ca 2ϩ ϫ CO 3 2Ϫ ion activity product (IAP), which may be induced by microbial activity (e.g., photosynthesis, sulfate reduction) and/or external physicochemical factors (e.g., evaporation, CO 2 degassing) (5, 21, 25, 31) . Lamination of microbialite deposits may result from a number of factors, including seasonally induced changes to calcification processes caused by changes in biofilm composition and calcium carbonate mineral supersaturation. Some calcifying biofilms exhibit fabrics containing cyanobacterial CaCO 3 tubes which can be preserved as microfossils known as Girvanella or Cayeuxia (25, 34) . These cyanobacterial tubes have been attributed to photosynthesisinduced pH microgradients under conditions of low dissolvedinorganic-carbon (DIC) levels and, consequently, low bulkphase pH buffering (2) . Specifically, the impact of a given amount of DIC removal on changes in CaCO 3 supersaturation should, theoretically, increase with decreasing DIC concentrations and initial pHs at a given IAP. Other factors that have been discussed in this context are temperature and CaCO 3 mineral supersaturation (14, 26) .
Changing environmental conditions (e.g., temperature and pH) may affect biological activity and calcification. Precipitation and dissolution may be affected by warming-induced changes, as brought about by global climate change, and/or by changes to overlying water pH, brought about by changes to atmospheric partial CO 2 pressure (pCO 2 ), in rainfall patterns or trophic state. Understanding the effects of changing environmental conditions on calcification and dissolution processes is important, both to the prediction of the effects of global climate change and to the interpretation of the paleo record.
The influence of diurnal temperature changes on hydrochemistry in karst water creeks has been investigated previously (12) , and from these changes, inferences regarding precipitation processes were made. Drysdale et al. (12) reported a strong diurnal pattern to hydrochemistry and calcite saturation in what they considered to be a karst system with solely inorganic precipitation. They reported that diurnal fluctuations in temperature significantly altered the creek's carbonate chemistry and led to changes in rates and reach of precipitation. Changing environmental factors such as temperature also influence biotic processes such as photosynthesis and respiration. In karst systems such as those investigated here, in which biofilms play a significant role in controlling the chemical conditions at the sites of mineral nucleation (6) , fluctuations in abiotic conditions may also affect stromatolite formation pro-cesses. These effects may be manifested as changes to rates of precipitation/dissolution or as mitigating effects of the biofilm against bulk water changes.
Despite the importance of understanding these processes to both projections of biological response to climate change and to paleoenvironmental interpretations, experimental studies on calcification in cyanobacterial communities are rare (e.g. (11, 18) , and the specific relationship between various environmental factors, such as temperature and pH conditions, on photosynthesis-induced calcification of cyanobacterial biofilms have not, thus far, been investigated. Temperature changes may alter the rate of abiotic degassing and the rate of biological processes and, hence, precipitation. Changes to bulk water pH will alter the bulk water CaCO 3 saturation state but may not have such a great effect at the stromatolite surface, if biological processes are maintained. In this study, the results of ex situ microelectrode experimental studies using cyanobacterial biofilms from karst water creeks under various bulk water conditions are presented and discussed with respect to their implications for prediction of climate-induced changes to calcification and to interpretation of the paleoenvironmental record.
MATERIALS AND METHODS
Samples and sample collection. Samples were collected from the Deinschwanger Bach, as described in reference 6. The Deinschwanger Bach is located near Nuremberg (49°23ЈN, 11°28ЈE) in southern Germany and has been used for previous studies on cyanobacterial biofilm calcification. It is described in more detail in reference 3 and shows active laminar stromatolite formation up to 1.8 mm/year.
Samples were collected from two distinct, active tufa-forming sites for pH manipulation experiments. Site 1 comprised a small stromatolite cascade 65 m downstream from a minor spring, which entered the creek's main flow approximately 40 m after the cascade. At this site, the water was approximately 1-to 5-cm deep and exhibited a fast flow rate (approximately 40 cm s Ϫ1 ) and, consequently, a small diffusive boundary layer (DBL; approximately 200 to 300 m). Stromatolite at site 1 was laminated and several centimeters thick. Site 2 was a well-illuminated section of the lower creek, approximately 20-cm deep, and had a slower flow rate (approximately 10 cm s Ϫ1 ) than, but similar DBL (approximately 200 m) to, site 1. Site 2 exhibited thin (up to 1 mm) fragile carbonate crusts. Samples from site 2 only were used for temperature manipulation experiments. Samples were removed from the creek with a motorized core-drilling device (modified Stihl chainsaw) and stored in ambient creek water in coolers until they were returned to the laboratory, within 24 h. Creek water samples for the experiments were collected without air bubbles in 20-liter plastic containers and stored at 4°C in the dark until use.
Laboratory setup. Once in the laboratory, samples were stored in temperature-controlled, aerated, recirculating aquariums (total volume, approximately 30 liters) containing creek water. Phototrophic community composition did not change during transport and incubation (6) . Samples were removed to flow cells connected to the same recirculating water supply for measurements during experiments run at ambient temperature and experimentally altered temperatures. Experimental flow rates were approximately 0.03 liter s Ϫ1 . A reservoir of creek water separate from the main holding aquarium's supply was used for pH-manipulated experiments. pH was manipulated by the addition of CO 2, in bottled Vilsa (Germany) mineral water, to lower pH or by aerating the reservoir with CO 2 -free air (air scrubbed in NaOH) to raise it. Vilsa water (http://www .pmgeiser.ch/mineral/index.php?funcϭdispes&parvalϭ54) contains only trace mineral components. Amounts added to 30-liter experimental setups were Ͻ20 ml and were deemed to have had no effect on overall water chemistry. During pH adjustments, pH was monitored continuously with an MA130 ion detector (Mettler Toledo, Columbus, OH). Rates of CO 2 addition or removal were adjusted to maintain the desired pH.
Microelectrode measurements comprised three sets. The first consisted of measurements of O 2 , pH, and Ca 2ϩ concentration profiles on samples held at ambient creek conditions (temperature, 10°C; pH 8.4). The second comprised measurements of concentration gradients of the same ions in the sample at a pH raised to 8.9 and at a pH lowered to lowered 7.8. The final set of measurements, involving the same ions as those in the previous experiments, were on temperature-adjusted samples from the Deinschwanger Bach collected 12 months later. In this set of measurements, temperature was raised from the ambient 10°C to 17°C and lowered to 4°C.
Microelectrode measurements and calculations. Liquid membrane Ca 2ϩ and pH sensors were prepared and calibrated as described previously (9, 10) . Fastresponding O 2 microsensors were also prepared as described previously (23) . All electrodes were placed manually at the stromatolite surface while viewing the sample through a dissection microscope. The stromatolite surface was then set at 0 cm. All measurements were made at measured distances above the stromatolite. Negative distances, therefore, indicate that the sensor is above the stromatolite/water interface. Profiling was automated after electrodes were positioned at the stromatolite surface. Sensors were connected to a micromanipulator, which was fixed to a motorized stage (VT-150; Micos, Eschbach, Germany) and allowed reproducible positioning of the sensor tip with 1-m precision. The microelectrodes were connected to a picoammeter (O 2 electrode) or a millivoltmeter, and the meter output was collected by a data acquisition device (NI DaqPad-6015; National Instruments, Austin, TX). After positioning at the surface, profiling was performed automatically. Motor control and data acquisition were performed with a computer and custom-written software (-Profiler; provided by Lubos Polerecky). All profiles were corrected for offset to ion levels in the bulk liquid; oxygen concentrations in the bulk liquid were determined from literature values at experimental temperatures (salinity ϭ 0 ppt), pH as described above, Ca 2ϩ by inductively coupled plasma-optical emission spectroscopy (Perkin Elmer Optima 3300 DV) and DIC by CO 2 coulometer (UIC Coulometrics, Joliet, IL).
Interfacial fluxes (J) were calculated from the concentration profiles by using Fick's first law: J ϭ D ϫ (dc/dx), where D is the diffusion coefficient and dc/dx is the interfacial concentration gradient, i.e., the concentration gradient in the mass boundary layer directly adjacent to the stromatolite surface.
Calcite saturation is given by the saturation state omega (⍀): ) and at each light phase (light or dark) for each pH and temperature treatment. Homogeneity of variances was checked visually by examining residual plots. Data that did not meet this assumption of analysis of variance were log transformed. Significant factors were compared using Tukey's honestly significant difference post hoc tests. All statistical tests were performed at an ␣ of 0.05, with F 2,5 , using the statistical software SPSS version 10.
RESULTS
Steady-state microsensor profiles were obtained for all treatments and displayed typical variation (see Fig. S1 in the supplemental material). The steady state was reached very quickly (Ͻ10 min) both after switching on and turning off the lights. Calcium fluxes have been shown previously to represent CaCO 3 dissolution and precipitation in these stromatolites (6, 29) . Biofilms were able to control microenvironmental conditions under all experimental conditions. Changing overlying water pH and temperature had little effect on biofilm ⍀ state. Temperature did, however, affect calcium fluxes by influencing calcium ion diffusion coefficients.
pH manipulations. Concentration profiles of O 2 , pH, and Ca 2ϩ were measured on all samples (Fig. 1) In all samples, photosynthesis increased O 2 concentration at the stromatolite surface in the light, causing a concomitant increase in pH and a decrease in Ca 2ϩ ion concentration. In the dark, respiration resulted in a decrease in O 2 concentration and often a small decrease in pH and increase in Ca 2ϩ concentration. In the high-pH (8.9) treatment, however, a decrease in calcium ion concentration was seen in both light and dark incubations.
Flux rates of O 2 and Ca 2ϩ and pH changes (⌬pH) observed are presented in Table 1 . In all treatments, pHs approached the same values (9.2 to 9.5) in light incubations, although there were some small differences, largely between sites. The fact that similar maximum pH values were reached in all treatments leads to different ⌬pH values. Higher ⌬pH values occurred in the low-pH (7.8) treatment than in the high-pH (8.9) treatment in the light. In the dark, the opposite trend was observed because pHs were always around 7.8, regardless of the overlying water pH. The highest fluxes of O 2 from the biofilm were seen in the samples at ambient pH (8.4) at both sites (statistically significant only at site 2; P Ͻ 0.05), as were the highest O 2 fluxes to the biofilm surface during dark incubations, although these were not significantly different (P Ͼ 0.05).
Calcium fluxes were very similar under all treatments at both sites but did display some minor variations (Table 1) . At site 1, the light flux was highest at pH 8.9 but was not significantly different from that at 8.4 or 7.8 (P Ͼ 0.05). In the dark, there was a significant difference between the fluxes (P Ͻ 0.05). The lowest absolute flux was seen at pH 7.8, while the flux at pH 8.9 was actually toward the biofilm, indicating precipitation. At site 2, a different pattern was seen. Dark fluxes were still much lower than light fluxes and, except in the high-pH (8.9) treatment, were all away from the biofilm surface. In the light, the highest flux (P Ͻ 0.05) was observed in the lowest-pH (7.8) treatment. The data clearly show a biologically controlled, diurnal pattern of calcium precipitation.
Calcite saturation state microprofiles (Fig. 2) , calculated from bulk water DIC, pH, and Ca 2ϩ microprofiles, demonstrate the degree to which ⍀ calcite is controlled by the carbonate system. ⍀ calcite profiles mirrored pH profiles and indicated that the water was supersaturated with respect to calcite under all experimental conditions. At both sites, illumination caused a photosynthetically induced increase in ⍀ calcite . In turn, a clear decrease in ⍀ calcite was evident at both sites without illumination. Despite these metabolically induced changes in ⍀ calcite , no relationship existed between the rate of calcification (derived from Ca 2ϩ fluxes) and the degree of supersaturation.
FIG. 2.
Omega value profiles, calculated from Ca 2ϩ profiles and alkalinity levels, for sites 1 and 2 at each experimental pH. Temperature manipulations. The second experiment comprised manipulations of temperature, in order to investigate its effects on calcification. In light of the heterogeneity in each sample indicated by the pH experiment, concentration profiles in the temperature experiments were measured at the same location on each sample, and only samples from site 2 were used for the experiments. Temperatures tested were 4°C, 10°C (ambient), and 17°C. Measured profiles are presented in Fig. 3 .
In all treatments, pHs approached the same values in both light and dark incubations, although there were some small differences ( Table 2 ). The pH increased markedly under light conditions, from 8.4 to approximately 9.5 (maximum, 9.7). Under dark conditions, the pH decreased slightly, from 8.4 to approximately 8.1 at 10°C and 17°C, respectively, while no pH decrease was observed at 4°C.
Oxygen fluxes both away from and toward the sediment increased with the temperature in the light and dark, respectively (Table 2 ). Calcium flux was always toward the stromatolite biofilm surface under light conditions and increased with increasing temperature, although this increase was not statistically significant (P Ͼ 0.05). Dark fluxes were much lower than those seen under the light conditions, were always away from the stromatolite biofilm surface, and also increased with increasing temperature. Under dark conditions, no calcium flux was observed from or toward the stromatolite surface at 4°C (Table 2 ). Fluxes at 10°C and 17°C were significantly different from this.
DISCUSSION
The investigated biofilm community, rich in filamentous cyanobacteria, flourishes in its natural setting (hard-water creeks) under a wide range of pH and temperature conditions; the pH ranges from 7.6 (a short distance downstream from the spring) to 8.5 (lower creek sections and end of the carbonate deposition zone), with maximum values up to 9.3 measured within the biofilm microenvironment (6) . The biofilm composition is described in detail by Shiraishi et al. (29) . Phototrophic members of the biofilm were dominated by filamentous cyanobacteria (3-to 5-m wide) of morphotype "Phormidium incrustatum" but also included Lyngbya-type and coccoid cyanobacteria and filamentous green algae of the genus Cladophora. Diatoms, such as Achnanthes, Gomphonema, Nitzschia, and Navicula, occurred in the upper biofilm. Nonphototrophic community members included heterotrophic bacteria, including sulfatereducing bacteria and flavobacterial species. The cyanobacterial community composition was reasonably constant over the investigated zone, with only the immediate spring environment (pH 7.3 to 7.4) exhibiting distinct communities (unpublished data). In situ temperatures vary seasonally between 5°C and 13°C.
Experimental manipulations of pH and temperature conditions were conducted under conditions of constant alkalinity (3.0 mmol kg Ϫ1 ) but various DIC (2.8 to 3.1 mmol kg Ϫ1 ); pH conditions were manipulated by the addition of CO 2 . Experimental flow rates were lower than in situ, resulting in slightly higher DBLs. We have shown previously (6) that photosynthesis increases when the DBL approaches 600 m but that the in situ flow conditions used maintained a DBL of 400 m or less and agreed well with in situ microsensor measurements, both in the dark and in the light. Under illumination, photosynthesis consistently caused the pH at the biofilm surface to increase to approximately 9.4, regardless of overlying water pCO 2 (2,200 to 150 ppm V).
Changes similar to those with respect to the pH were noted for temperatures, except at 4°C, where biological activity was reduced to such an extent that changes were negligible. This difference in the ⌬pH values in the light was observed despite the similar O 2 production rates. In the dark, the opposite was seen, i.e., respiration caused the pH to drop to approximately 7.8 regardless of pCO 2 or temperature. Again, this occurred despite similar O 2 consumption rates in the pH manipulation experiments. O 2 consumption rates were, however, lower at lower temperatures. The direction of the ⌬pH value changes was as expected, i.e., photosynthesis increased pH, while in the dark, respiration led to its decrease. The differences in the magnitudes of ⌬pH, resulting from different initial pH values but very similar final pH values, were unexpected. Several explanations for this phenomenon may be offered.
The first is that the observed ⌬pH values were related to the physiological optima of the mat community. If this had been the case, the highest ⌬pH value should have correlated with the highest O 2 fluxes, but this was not observed. O 2 fluxes at all pH treatments were reasonably similar, with the maximum flux actually occurring at a pH of 8.4, which is the pH of the creek section from which the samples were taken.
The second explanation for the ⌬pH values observed is the possibility of different pH buffering capacities at the various initial pHs. In this model, the lowest ⌬pH values should correlate with the highest buffering at pK a ϭ 6.34 and pK b ϭ 10.36. Our results, however, show that ϩ⌬pH and Ϫ⌬pH have opposite trends for increasing bulk water pH values (Fig. 1) . Furthermore, within the experimental pH range (7.8 to 8.9), which is near the half-equivalence point of 8.1, changes in pH buffering are very minor.
Third, the availability of DIC for photosynthesis may limit the extent of light-induced pH increases. As CO 2 is removed by photosynthesis and pH increases, less CO 2 is available. In the current system (alkalinity, 3 mmol kg Ϫ1 ) at pH 7.8, approximately 4% (138 mmol m Ϫ3 ) of DIC exists as CO 2 , while at pH 8.9, this value is reduced to 0.3% (10 mmol m Ϫ3 ). Several studies have shown that DIC may limit photosynthesis, and it was suggested by Larkum et al. (15) that when the pH exceeds the level at which DIC exists as CO 2 , DIC must be consumed as HCO 3 Ϫ . In the biofilms investigated here, the pH never exceeds this level, although CO 2 does drop to a very low value (approximately 1 mmol m Ϫ3 at pH 9.5). Cyanobacteria may overcome CO 2 limitation via carbon-concentrating mechanisms, which effectively uncouple photosynthesis from CO 2 concentration. While these may have an effect on DIC chemistry at a cellular level, their effect on community level chemistry will be minimal. In essence, carbon-concentrating mechanisms do not change the stoichiometry of the processes and, thus, the local effects on pH. The fact that O 2 concentrations (the product of photosynthesis) remain well below overlying water DIC concentrations suggests that DIC is not limiting in this system. Even if DIC supply were limiting photosynthesis, the nature of ϩ⌬pH and Ϫ⌬pH trends observed here would not be explained. There may indeed be some physiological limitation to the extent of physiologically induced ϩ⌬pH value changes, but these should also be reflected in the O 2 production rates, which remain similar under all treatments. It is also possible that the calcification process limits the extent of pH changes and supports photosynthesis (17) . For this to explain the observed ⌬pH and O 2 production trends, we should see calcification rates increase with increasing pH. This is not the case. The explanation of DIC limitations also does not explain the observed Ϫ⌬pH value changes.
The final explanation for the observed results is a contribution from other unassessed processes (e.g., nitrate/ammonia assimilation), which may affect pH levels (30). The most probable explanation is some combination of all of the above, and further modeling and experimental work is required to address these issues.
Temperature manipulations were all conducted at pH 8.4, which was the in situ pH at the time of sampling. Temperature was clearly shown to affect biological activity, with O 2 fluxes increasing with increasing temperatures, both in the light and in the dark. Ca 2ϩ fluxes (indicating, in this system, calcium carbonate precipitation and dissolution) (6) also increased with increasing temperatures (Table 2 and Fig. 3 ). Although these increases were not statistically significant in the experiments conducted, this may be explained by the small degrees of freedom used. The flux differences may be biologically important, and given that little change was observed in the biofilm surface pH and ⍀ values under all experimental conditions, it appears that the effects of temperature changes on the diffusion coefficients of Ca 2ϩ and HCO 3 2Ϫ are important in determining flux rates. The diffusion coefficients increase with temperatures and, in these experiments, explain the magnitudes of increasing Ca 2ϩ flux rates we observed. Temperature, therefore, affects the possible transport limitations of precipitating chemicals, which in turn affects possible rates of calcite deposition and dissolution. Although temperature increase leads to an increase in biological activity, ion diffusion velocity, and calcification in the light, the concomitant increase in dark parameters also increases dissolution, thereby maintaining similar net diel precipitation rates at all temperatures. For the interpretation of the fossil record of calcifying cyanobacteria, this implies that the abundance of cyanobacterial microfossils and related stromatolites appears not to be significantly affected by marine surface temperature variations, contrary to previous suggestions (21) . This is true at least for the investigated range between 4°C and 17°C. The ability of biological systems to control their microenvironment, and therefore create an environment very different from that of their wider surroundings, also leads to interesting implications for both the prediction of the effects of increasing atmospheric pCO 2 and the paleogeological interpretation of calcified microfossils. It appears that under high pCO 2 conditions, cyanobacterial calcification may be maintained by high CO 2 availability and proceed at low "apparent" pH (i.e., low pH in the overlying water). Therefore, as long as calcite saturation at the cell/biofilm surface remains Ͼ1, the formation of calcareous, tubular microfossils may still occur at low overlying water pH conditions (certainly between 7.8 to 8.4, as investigated here). Indeed the magnitude of ⍀ does not appear to influence the rate of calcification, but rather, once some ⍀ threshold (approximately 10) is reached, calcification may proceed. This is contradictory to the idea that increasing pCO 2 should reduce the potential of photosynthesis-induced calcification in cyanobacterial biofilms by lowering bulk phase pH and hence CaCO 3 mineral supersaturation (14, 28) .
